Spin transition in the fractional quantum Hall regime: Effect of wave function extent 
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Using a magnetocapacitance technique, we determine tiie magnetic field of tiie spin transition, 
B*, at filling factor u — 2/3 in the 2D electron system in GaAs/AlGaAs heterojunctions. The field 
B* is found to decrease appreciably as the wave function extent controlled by back gate voltage is 
increased. Our calculations show that the contributions to the shift of B* from the g factor change 
due to nonparabolicity and the change of the Coulomb energy are approximately the same. The 
observed relative shift of B* is described with no fitting parameters. 
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Spin degrees of freedom are important in determin- 
ing the ground states and excitations of the fractional 
quantum Hall effect in not too strong magnetic fields. In 
view of the competition between the Coulomb energy in 
the two-dimensional (2D) electron system, Ec oc e'^/nls 
(where n is the dielectric constant and Ib = {hc/eBy^^ 
is the magnetic length), and the Zeeman energy, Ez — 
gUsB, the fully polarized states in the high- field limit 
should become depolarized with decreasing magnetic 
field. This manifests itself as spin transitions between 
fully and partially polarized states and between states 
with different partial polarization. The ratio of the Zee- 
man and Coulomb energies is varied in experiments ei- 
ther by changing both the magnetic field, B, and the 
electron density, rig, at fixed filling factor, ly — Ushc/eB, 
or by introducing a parallel component of the magnetic 
field. Ground-state spin transitions for the 2D electrons 
in GaAs have been observed using activation energy mea- 
surements at filling factor j/ — 2/3, 4/3, 3/5, etc. [ll-3|; 
optical spectroscopy studies at = 2/3, 2/5, 3/5, etc. 4|; 
nuclear magnetic resonance measurements at = 2/3 [5|; 
optical absorption experiments at = 2/3 "6^. The spin 
transitions occur at very different magnetic fields for dif- 
ferent samples. For v — 2/3, the transition observed in 
Refs. is the case at relatively low fields 2-4 T, while 
the transition found in Refs. [H, @ occurs in considerably 
higher fields, about 8 T or yet higher. In contrast to the 
1/ = 2/3 state, the quantum Hall state at = 1/3 is found 
to be fully spin polarized for all magnetic fields @. Still, 
spin-fiip excitations at = 1/3 have been observed in 
transport Q, optical spectroscopy [1], and inelastic light 
scattering measurements 

Numerical calculations based on the composite fermion 
model are in qualitative agreement with the experimental 
results on the spin transitions [l^liil- Within the model, 
the ground-state spin transition occurs when the differ- 
ence in the Coulomb energies between the two ground 
states is balanced by the change in the Zeeman energy 



due to spin polarization. The calculations for v — 2/3, 
3/5, and 4/7 [ll| underestimate the critical Zeeman en- 
ergy that determines the magnetic field of the spin tran- 
sition, B* . In particular, these predict B* 1.5 T for 
v — 2/3, assuming that the g factor is equal to [gj = 0.44. 
The discrepancy between theory and experiment cannot 
be explained by the finite thickness correction that is 
caused by finite extent of the wave functions in the di- 
rection perpendicular to the interface and gives rise to a 
decrease in the Coulomb energy [l^, [13 ■ 

In this paper, we employ a magnetocapacitance tech- 
nique to determine the magnetic field of the spin transi- 
tion B* at filling factor v — 2/3. The ratio of the Zeeman 
and Coulomb energies is varied in the experiment by a 
change of the back gate voltage that controls the wave 
function extent through the steepness of the confining 
potential in the direction perpendicular to the interface. 
As the wave function extent is increased, the field B* is 
found to decrease appreciably. The calculated g factor 
change because of nonparabolicity effects and change of 
the Coulomb energy make approximately equal contribu- 
tions to the shift of the spin transition field. Both mech- 
anisms describe the observed relative shift of -B* with no 
fitting parameters. We check that the v = 2/3 gap at 
fields above B* increases with increasing wave function 
extent and reaches the value of the = 1/3 gap, indi- 
cating the gap symmetry in the high-field limit over the 
entire range of back gate voltages studied. The behavior 
of the 1/ = 2/3 gap clearly indicates the importance of 
spin effects. 

Measurements were made in an Oxford dilution refrig- 
erator with a base temperature of ~ 30 mK on remotely 
doped GaAs/Ala;Gai_2:As {x = 0.336) single heterojunc- 
tions (with a low-temperature mobility « 4x 10^ cm^/Vs 
at electron density 9 x 10^° cm~^) having the quasi- 
Corbino geometry with area 1.8 x 10** /im^. The depth 
of the 2D electron layer was 200 nm. A highly doped 
(1 X 10^^ cm~^ Si) layer with thickness 100 nm was buried 
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FIG. 1: Magnetocapacitance as a function of front gate volt- 
age converted into filling factor in B = 4.3 T at Vbg = —3.6 V 
and T — 60 mK. The inset shows an expanded view on C{i') 
near !/ = 2/3 at different back gate voltages. The dashed line 
corresponds to the transition. Linear contribution to C(i^) is 
subtracted and the traces are vertically shifted for clarity. 



in the bulk of GaAs, at a distance 5 /xm from the inter- 
face. This layer remained well-conducting at low tem- 
peratures and served as a back electrode. A 200 nm 
low-temperature grown GaAs (LT-GaAs) layer between 
the back gate and the 2D electron layer was used to block 
leakage currents. The Fermi level in this layer is pinned 
near the midgap, which results in the formation of a 
Schottky barrier between n-GaAs and LT-GaAs [14(]. A 
metallic front gate was deposited onto the surface of the 
sample. The presence of gates allowed variation of both 
the electron density and the confining potential by apply- 
ing a dc bias between the gate and the 2D electrons. The 
front gate voltage was modulated with a small ac volt- 
age of 2.5 mV at frequencies in the range 0.6-21 Hz, and 
both the imaginary and real components of the current 
were measured with high precision (~ 10~^^ A) using a 
current-voltage converter and a lock-in amplifier. Small- 
ness of the real current component as well as proportion- 
ality of the imaginary current component to the excita- 
tion frequency ensure that we reach the low-frequency 
limit and the measured magnetocapacitance is not dis- 
torted by lateral transport effects. A dip in the magneto- 
capacitance in the quantum Hall effect is directly related 
to a jump of the chemical potential across a correspond- 
ing gap in the spectrum of the 2D electron system [Tsj : 
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where Co is the geometric capacitance between the gate 
and the 2D electrons, A is the sample area, and the 
derivative dus/dfj, of the electron density over the chem- 
ical potential is the thermodynamic density of states. 
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FIG. 2: Dependence of the magnetic field of the spin transi- 
tion at = 2/3 on back gate voltage. The symbol size reflects 
the experimental uncertainty. The field B* versus Vbg is cal- 
culated using Eq. ([3} with F = 1 (dotted green line) and 
the factor F taken from Ref. [TTI ] (dashed brown line), where 



the coefficient a is chosen so that B* at Vbg 



-2 V corre- 



sponds to its experimental value. The calculated dispersion 
of the electron density distributions and single-electron g fac- 
tor versus Vbg are displayed in the insets for different electron 
densities. 



Near the filling factor v = 1/2, the capacitance C in 
the range of magnetic fields studied reaches its high-field 
value determined by the geometric capacitance Cq. The 
chemical potential jump A/i for electrons at fractional 
filling factor is determined by integrating the magneto- 
capacitance over the dip (for more details, see Ref. Tg']): 



Am = — / iCo-C)dVfg. 

L'O Jdip 



(2) 



Note that the excitation gap corresponds to the chemical 
potential discontinuity divided by the fraction denomi- 
nator [17^. 

A magnetocapacitance trace C as a function of front 
gate voltage Vfg converted into filling factor v is displayed 
in Fig. [T] for a magnetic field of 4.3 T and back gate volt- 
age Vhg = —3.6 V. A narrow dip and a double minimum 
in C are seen at = 1/3 and v = 2/3, respectively. The 
double minimum feature in C^v) at different back gate 
voltages is shown in the inset to Fig. [TJ At fixed electron 
density (or magnetic field), the change of the confining 
potential is caused by a change of Vbg that is connected 
to a shift of Vfg via AVfg ss — 0.05AVbg. One can see 
from the figure that the two minima reveal an interplay 
with changing back gate voltage. The interplay refiects 
the competition of the domains of two ground states at 
the critical point [l^, similar to the case of the integer 
quantum Hall effect (l"9l - [2l| . This corresponds to the 
spin transition in the ground state [l^. We determine 
the transition point as a point at which the two minima 
are approximately equal to each other (the dashed line 
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FIG. 3: The chemical potential jump &t v = 1/3 and i/ = 2/3 
versus back gate voltage for B = 8.9 T and T — 0.2 K (solid 
symbols). Also shown by the open symbols is the corrected 
data for A/i, see text. The dashed lines are guides to the eye. 



FIG. 4: Magnetocapacitance (C — Co) /Co as a function of 
filling factor for Vbg = —4.5 V (dashed lines) and 0.8 V (solid 
lines) at different magnetic fields and temperatures 0.2, 0.2, 
0.25, and 0.3 K (top to bottom). The curves are vertically 
shifted for clarity. 



in the figure). 

In Fig. m we plot the field B* of the spin transition 
for 1/ = 2/3 versus back gate voltage. The experimental 
value B* decreases approximately finearly with increas- 
ing back gate voltage and remains well above the theo- 
retical prediction B* ss 1.5 T. Apparently, the increase 
of Vbg results in decreasing the steepness of the confining 
potential and increasing the wave function extent. Based 
on the competition between the Coulomb and Zeeman 
energies, one can tentatively expect that the reduction 
in the Coulomb energy due to the finite thickness of the 
2D electron layer is responsible for the observed shift of 
the spin transition. However, the absolute value of g fac- 
tor should increase with increasing wave function extent, 
which gives an alternative account of the shift of B*. 

We verify the importance of spin effects by measuring 
the chemical potential jump at = 1/3 and i' = 2/3 in 
magnetic fields above B* as a function of back gate volt- 
age, as shown by the solid symbols in Fig. |31 The data 
correspond to the limit of low temperatures where Au 
saturates and becomes independent of temperature [l6|. 
Whereas the gap at = 1/3 remains approximately con- 
stant, the = 2/3 gap increases with back gate voltage 
and reaches the value of the = 1/3 gap. The differ- 
ent behavior of the gaps signals the presence of spin- 
dependent contribution to the value of gap at v = 2/3, 
i.e., the increase of the = 2/3 gap with Vbg should be re- 
lated to the increase in the absolute value oi g factor. We 
do not observe in the experiment a decrease of the gaps 
with increasing back gate voltage, as expected from the 
suppression of gaps due to the finite thickness correction. 
This can be attributed to the manifestation of disorder 
effects: as the 2D electrons are pushed closer to scatterers 
at the interface, the gap suppression caused by disorder 
becomes stronger, compensating roughly for the finite 



thickness correction. It is possible to take into account 
the effect of long-range disorder potential which leads to 
broadening the chemical potential jump as a function of 
filling factor. In the spirit of Ref. [221, linear extrapo- 
lations of the dependence fi^v) to the fractional filling 
factor yield A/i for an ideal/homogeneous 2D electron 
system. The corrected data for A/x is shown by the open 
symbols in Fig. [3] One can see an upward shift in the de- 
pendences A/i(T4g) for both ly = 1/3 and = 2/3 so that 
their behavior remains basically the same. Therefore, it 
is the effect of short-range disorder potential that can be 
responsible for the compensation of the finite thickness 
correction. 

Figure 13] displays the magnetocapacitance {C — Cq)/Cq 
versus v measured in the low-temperature limit at Vbg — 
—4.5 V (dashed lines) and 0.8 V (solid lines) in different 
magnetic fields. As B is increased, the minima at = 1/3 
and v = 2/3 become symmetric and the value of the 
I' = 2/3 gap reaches that of the z/ = 1/3 gap. Thus, 
the gap symmetry is the case at the highest magnetic 
fields over the entire range of back gate voltages studied. 
This implies that the spin-dependent contribution to the 
V = 2/3 gap changes for the Coulomb contribution. 

We would like to emphasize the significant difference 
between the theoretical descriptions of the ground-state 
spin transition and fractional gaps. The experimental 
values of fractional gaps are known to be noticeably 
smaller than the theoretical predictions, which can be 
attributed to disorder effects. In contrast, the magnetic 
fields of the spin transition measured in experiment ex- 
ceed by far the theoretical values, which cannot be ex- 
plained by the influence of disorder. Also, the g factor 
related to the spin transition is equal to its single-electron 
value, whereas the gap-related g factor can be enhanced 
due to interactions. Therefore, the case of spin transi- 
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tion includes less parameters and allows more rigorous 
comparison of experiment with theory. 

It is easy to calculate the behavior of the single-electron 
g factor with back gate voltage for the samples used. 
By solving the Schrodinger and Poisson equations self- 
consistently [ll], one obtains the dispersion, d, of the 
electron density distributions perpendicular to the inter- 
face as a function of back gate voltage for different Ug 
(bottom inset to Fig. [2]). The value d gives a measure of 
the wave function extent and corresponds to the 2D sub- 
band bottom. This increases sharply with back gate volt- 
age at high Vbg, close to the voltage Vbg ~ 0.9 V for our 
samples, where the Schottky barrier between n-GaAs and 
LT-GaAs vanishes and the gate leakage current arises. In 
our case the variation of the g factor caused by wave func- 
tion penetration in the AlGaAs barrier is small, and the 
dominant g factor change relative to g — —0.44 in bulk 
GaAs originates from nonparabolicity effects. Within the 
/cp-theory, the change at the 2D subband bottom is equal 
to Ag = {T)/W, where (T) is the av erag e kinetic energy 
and W is the characteristic energy |M . Using the ex- 
perimental value of W ~ 150 meV [25, and taking 
account of the diamagnetic shift by half the cyclotron 
energy, we get the dependence of g on back gate voltage 
at different Ug , shown in the top inset of Fig. [5] 

The behavior of the field B* with back gate voltage is 
determined from the relation UM 
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aF— = -gfJ-sB, 
kIb 2 



(3) 



where the coefficient a is given by the difference in the 
Coulomb energies of fully and partially polarized states 
and the finite thickness correction F = 1 (F < 1) for zero 
(nonzero) thickness of the 2D electron layer. Assuming 
that F = 1 and choosing the coefficient a so that B* at 
Vbg — —2 V corresponds to its experimental value, we 
determine the relative shift of B* caused by the g factor 
change (the dotted green line in Fig. [5]). One can see in 
the figure that this mechanism accounts approximately 
for half of the observed shift of the magnetic field of the 
spin transition. 

We now take into account the suppression of the 
Coulomb interactions due to the finite thickness of 
the 2D electron layer. Replacing the calculated wave 
function by the Fang-Howard wave function C(z) ~ 
(6^/2)^/^2 exp(—6z/2) (where the z-axis is perpendicu- 
lar to the interface, z > in substrate, and b is the pa- 
rameter) [2?! with the same dispersion d, one determines 
the value l/bls ~ d/\/2,lB that controls the suppression 
factor F. Using the dependence F{l/hlB) calculated in 



Ref. [m , we obtain from Eq. ([3]) the total relative shift of 
B* (the dashed brown line in Fig. which is in agree- 
ment with the experiment [2^. Thus, both mechanisms 
make approximately equal contributions to the change of 
the spin transition field and describe the observed rela- 
tive shift of B* with no fitting parameters. 

The theoretical magnetic field of the spin transition 
[Tl| is approximately two times smaller than the value 
observed in the experiment. That is to say, the the- 
ory in question underestimates by ~ 30% the differ- 
ence in the Coulomb energies between fully and par- 
tially polarized states, which is experimentally equal to 
~ O.OOSc^/kZb « 0.04 meV. The discrepancy with the 
experiment may result from distant extrapolations used 
to determine the Coulomb energies. Note that the afore- 
mentioned significant difference in the fields B* for differ- 
ent samples [ll-Q as well as the lack of symmetry between 
the u = l/Z and = 2/3 gaps in the same magnetic field 
(see, e.g., Ref. [1^]) are likely to be caused mainly by 
the reduced absolute values of g factor for the particular 
sample design. 

The gap-related g factor can be determined assuming 
that the sum of the gaps dX v — l/i and v — 2/3 is 
equal to the Zeeman energy. Using the corrected data in 
Fig. [3l one estimates an enhanced g factor at g ~ 0.9. 
Its variation (5(? « 0.1 in the range of back gate voltages 
studied is bigger than the change of the single-electron g 
factor (top inset of Fig. [5]). This can be explained quali- 
tatively by the many-body enhancement of the g factor, 
depending on the disorder and finite thickness effects. 

In summary, we have found that the magnetic field of 
the spin transition at filling factor v = 2/?> decreases ap- 
preciably as the wave function extent controlled by back 
gate voltage is increased. Our calculations show that 
the contributions to the shift of B* from the g factor 
change because of nonparabolicity and the change of the 
Coulomb energy are approximately the same. The ob- 
served relative shift of B* is described with no fitting 
parameters. We have checked that the = 2/3 gap at 
fields above B* increases with increasing wave function 
extent and reaches the value of the v — X/i gap, indi- 
cating the gap symmetry in the high-field limit over the 
entire range of back gate voltages studied. The behavior 
of the V = 2/?> gap signals the importance of spin effects. 
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